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THE MELTING CURVES OF TIN AWD SELENIUM 170 10,000 BARS

Technical Report No. 1

Contract Honr 982(05)

by
Stanley E. Babb, Jr.

PORWARD

The purpose of thin report is to deacribe the apparatus and teclmiques
used in some of the melting studies being conducted, and the results for
two metals teken with this cpperatus - one which has been previcusly

examined, aud on. wnoce msltirg properties under pressurc viere umknown.

EQUIFHENY

Thae basic part of & high pressurz gysten {8 the means of generation
of the preasure. In a liquid sgpsratus of the type used by us, this is
called an intensifier. During the course of the measurements herein
reported, two different intensifiers were used, on¢ rupturing in service,
The one used in the najority of this work wes kindly lent to the author
by Dr. H.G. Drickamer of tha University of Illinois. It consists of a ram of
about 4.5 ID, 6'OD vhich drives & piston .654" in diameter into a bore in
a lower piece. The stroke is 3.5" max., and we were usually limited to 3".
The bottom of the intensifier is closed by a plug vhich leads to a standard
Harwood 200,000 psi tubing comnection. There is a great disadvantage to




this particulsxr intengifier, in that there is no bypass located in the
upper end of the cylinder for prepressurizing the entire system, to
achieve maxinum utilization of the stroke of the high pressure piston,
and to return it to its initial position after the completion of the
experiment at hand.

Another ninor inconvenience is the lack of an opening for the
introduction of & manganin wire resistance gnge for the measurement of
pregsure., This is overcome by the construction of a special cell, which
£its below the intensifier, and which carried the gage.

The other intensifiers we have used have been built along quite
similar lines, Two have had ports for the manganin wire gauge in thae
body of the intensifier itself, while the one currently in use does not
have this feature., Both of those with the port cracked in serwice, but
not due to its pxresence.

The moving seal in a plug of the Bridgman ungupported type, with &
seal ring of leather, which is backed on both sides by copper riugs. The
design we use is & modification of that used by Drickamer and is entirely
satisfactory and shown in ¥ig. 1. Other packing matarials have been used,
notably rubber and tcflon, but the, do not last as long as the leather,
which needs replacement only once every couple of months, depending on
the frequency of use. To make the leather washer seal initially is
something of a trick, but after it is once secaled, it is leakproof. The
method used by us for the initial sealing of the leather is to £ill the
system with hydreulic jack oll, and pump as rapidly as possible to build
up the piesgure, Then the pressurce is left in the nefghborhood of 100,000

pei for about 15 minutes, at the end of which time, the packing rings have
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deforried o become a perfect fit for the bore, and leaking ceases. The
tiue that this packing i{s tight is demonstrated Ly the fact that we have
zbscerved pressure changes of lces than 20 psi (about che limit of sensi-
tivity ¢f our ueasurements); out of & total prescure of about 120,000 pei,
vver periods extendin: to 30 hours.,

The cell in which thege melting studies have been carried out was
conastructed cspecially for thig purpose. It is made from Carpenter 883
steel, which is @ hot die steel, posscssing excellent strength character-
1etics to teuperatures on the order of 1000°F. The OD 1s 3" and the ID

5. The length of uzable bore is 6". Por use at the higher temperatures
a speciel length of presgure tubing is used to conduct the presrzure trans-
mitting fluid to the cell Tiils is & plece of tubing, 11.5" long, of 883,
vhich is integral witi: a plug for one end of the vessel machined from a
30lid bar Iu order 1o meke the tubing, it was necessarv to drill a 1/16"
tole through the bar. 833 is a difficult steel to drill in the annealed
conditica, so for this operation, the bar was first h;rdenéd tu Rogkwell
C 28.30, raciiined, i-:’uding the drilling, then rehardened to Rockwell
C 45.48, and echined :c final tolerances. ‘The tubting is equipped with
cooling fans which are integral with {t. TFor the excellent machinc work
fnvolved in the cenatruciion of this piece, as in all of the others used
on thic project, I a- deeply indebted to Mr. Gene J, Scott, without whose
welp this project would have been enoruously slowed.

in order to ::infrxe the teosperature fluctuations in 8 hizh tewp-
crature bath, 1¢ 18 nccegsgry to ctir it, and this 18 accomplighed with
a stirrer whitch is gtcached directly to the cell, with bearin;s at the
top and Lotton., Attsching the sticrer to the high pressure cell simplifieo
the proble:. of jettiu, ccll, stirrer, heater, and thermoccuples into the

tev peraiuere Lach
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Ona guite vaxing problem is the sealing of this cell. Originejly
ww inctended to uss the type of seals we normally use on our pressure
equipment, snd which are described in the attached reprint. Due to an
sarror in copying dimensions on the working drawings, the actual seal
avea is to big for an O ring seal. It is alsn not clear that an O ring
is a good idea at soo°c. for they will probably carbonize, and it is not
good to have carbem paxticles floating around in the pressure system.

A mmber of different sesls have been tried, all of thew being
variations on the basic theme shown in Figure 2, The ring is initially
senled by forcing the plug in tightly against the ring, and as the
prassure is increased, the material of the ring begins to flow, and as
the back of the ring is unsupported, this becomes a Bridgman unsupported
area seal- There are two drawbacks to this design, however, one being
that the initisl seal is rather difficult to get, and the sacond that
there are occasionul leaks during the rapid heating of the cell, due to
differential thermal expansion of the cell and ring. For ring material,
brass is entirely sstisfactory to maybe 200°c. and copper %o a somewhat
lower temperature. Above 200°C, steel must be used, and we use a mild
steel for this purpose. The rings are cut to be a very good fit for
the cylinder, occasionally a press or shrink fit, though this is not
always necessary. Then the plug is screwed against the ring, and driven
home with a rather large force. This is usually accomplishoed by f£irmly
securing the cell in a chain pipe vise, putting a 24" crescent wrench on
the plug, and literally jumping up and down on the end of the wreach.
Crude, but quite effective. Tha leaking during heating can sometimes be
defeated by putting a sufficiently large pressure (6000-7000 bars) on the
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system, Jo the ring natsrials are quite plastic, and then heat. Also,
quite o.ten, after the oopletion of heating, the leaking will stop. Very
rarel' does the leakage prablan become sufficiently serious to demand the
replacing of the ceals. Messuramcnts are naver taken when there fs a
decectable Iélk in the system.

Other varictions on these sesls have been tried, mainly in the line
of putting 8 softer raterial in front of the steel seal ring, to provide
an easier initial seal. Rubber, lesd, and teflon cannot be used, due to
the large temperature range. Copper works well, but the sadvantage gained
is slight, and does not justify the extra trouble in raking the seals.

Since the completion of the measurements discussed below, this cell
started cracking at che bore, probabl, due to & minute flaw. This was
repaired by boving the cell out to & little over 1", and shrink fitting
& liner in place. This liner is equipped withu our "azzmal" s23ls, but
our experience at clevated temperatures is still too Limited with these
seals to lknow if they sre satisfactory,

For the high temperxstuve bath & mixture of Sodium, potassiuvm and
lithium nitrates was uned.,1 This mixture started as a ternary eutectic
but as the size of the bath was increasad, more salts were dumped in
without careful weighing, so the mixture is no longer ideal. 1t is still
completely fluid below 150°C, however, The mixture is held in a stain-
less steel jacket which may be slipped around the pressure cell, with
the heacer locsted at the bottom of the bath. This bath is rather con-
venient, It is not messy, is odorless, and transparent, and we have not
observed any corrosion of steel parts which have besen immersed in it.

We have had the entire bath and pressure cell to 500°C, and have subjected

sanples of the bath to 6209 without any apparent decomposition.




The circuit used for heating the bath is similar to one mentioned by
Soyd sand lnsllndz. and consiste of a coarse and fine control in the same
temtar. This is accomplished by the use of two variacs, both connected
io the same power scurce, and connected in series, one being put through
4 stap down transformer first. A glance at Fig. 3 will clarify this
circuit. The gsrep down transformer, which for us is a 115 v primary to
5 volt secondary, permits an easy adjustment of the heater voltage to

U2 volts. When necessary the two variace may be connected to a constsat
voltage transformer, to reduce the effects of line voltage fluctuations.
With this arrangement it {s au easy matter to reduce the temperature fluc-
tuations in the bath to 0.1° at 500°C, and with & little juggling of the
voltages, considerably batter than this may be obtained. A 1000 watt
teater is more than sufficfeic for this bath. This double variac arrange-
ment is also convenient for a bath equipped with s thermostatic control, for
the thermostat mav be sat to actuate the fine cantrol of the voltage in

an on-off pattern.

Another circuir which requiies some commer: ‘. that of the manganin
wire pressure gagce. The circuit we use is a fairly standard one, which
has been used in & number of different lavoratories for a number of
years, and was first shown to the suthor by D.S. Hnghes:". and gomowhat
different versions have been published by Warschaue:r and lmul"‘p and
Tllku.lsu The circuit is shown in figure 4. R, ia the ~oil of manganin
wire which is located inside the pressure cell, and Ry, is a slidewire
resistance. Rs is a resistance which is put into the bridge solely for
the purpose of convenience in setting the pressure scale, and is adjusted
to be equal to Rg to a few parts in 100,000. The ratio R3}/Rz can be
snything desired, but we used two matched resistors. Rj, Ry, R3, and By
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arc all sbout 100 olms. Ry is a decade box, with which the bridge is
approximately balanced with no pressure in the gpparatus. Rg is a
resistance across this decade box, which scrves as a finc contral on
the zeroc of the bridge. It is clear frou the circult that changing
R7 makes no change in the atmospheric prensure balance of the circuit,
By a simple analysis of the balance condition of this bridpe one

way easily show that:

R6R) R2 y
4 ot -—-{. + 1
8 Ry R5 + Rg + Ry ~ Ry ) 1o

where y is the total number of scale divisions moved on the glidewire

from the zero poir:, the total number taken to 1.: 1000, and assuning

that the resistance of the slidewire varies linearly with the nunber of

scale divisions. For aanganin and a gold -~ 2.1%4 chromium allay, the

resistance is a linear function of the pressure, so Z)RA = R; uP. vhere

a is the pressure coefficient of resistance. Thus the eguatlion shows that

the number of divisious moved is direstly proporitional to the pressure.
One should nc.: that the values of Ry &7 . Go not appear in the

above relaticnship, so ther do not af{lect the change of balauce under

pressure. The real advantage o<f this bridge is the presence of Ry, With

it the bridge may be zeroed at afwospheric pressure, and thum the pressurc

in the system raisced to a l:nown value of the pressure and Py adjusted

urtil the number of divisfons cerresponds to some convenieunt sub multiple

of the pressure. In actual practice it is best to set R, If there is

a roughly convenient scale, we uise 200 psi per divisien. and then calibrate

the exgct numbor, Without Rs5, one may not adjusi iho seale usder pressuve

without alteriag the zero pressure balance, and the civcnit is a bigger

nuisance, and less mccurits Lo get up.




One trouble with manganin gages ie their tendency to drift. Much
of this drifting is caused by the changing of temperatures within the
room In our bridge RI' Ry, Ry and Ry axe all of menganin, so this
tendency §s lowered to & miniramm. We have observed drift rates as low
a8 1 bar in 24 hours for periods up to 1 week and this is too small to
affect most meagurcments. If experiments are to be carried out over
a long time interval, then this drifting could become annoying, and the
gold chromium is used, This is more stable, but has only about 1/3 of
the sengitivity,

The slide wire iz a Leads and Northrcup Kohlrausch slide wire, and
most of the bridge is built in the case of this wire. Using 2 volts to
actuate the bridge, and a galvanometer of .003 microamps/mm, measurenents
may be made to skeut 1 - 1.5 bars at any preasure with no trouble. If
greater precision is needed, a higher bridge voltage may be used.

The fixed point for the calibraticn of the mangsnin manometer is the
freezing pressurc at 09C of mercuxy 1his was originally meassured by
Btidgrnan6 as 7640 l;r;/cmz, but more recext mouiarements have indicated
that this number i1s low, for zhokhoVskii7 gives 7715, end the most
recent &nd probably best velue is given by Dorlsona as 7723 t 2 kg.!c.mg,

We have adopted thic last value for our work, and have taken it to be
1574 bars.

Recalibration of the manganin wire gage is carried out periodically,
and the entire operation consumes but & few hours. It has usually buen
done after several major explosionz in our laL, but will be done per
iodically even in their absence. For .his purpose, 100-200 grams of
distilled mercury is placed in a steel cup within the pressure vesazel,

]

and pressure transmitted to the mercury by petroleumn ether, which does




not become too viscous under the conditions of calibration. The
equilihrium pressure is spprosched from both above and below, and

the two readings must agree closely. Then the pressure is released
an ;hc system and a correction applied for the drift of the zero of
the bridge if any exists. The difference in pressures from above snd
below, for a typical experiment, is less than 18 psi (out of 110,000}.
The calibration of the coil we are presentiy using has changed by 1
per cent during the course of our messurements, extending over a year
and a half. Most of this has been caused by the three or four major
explesions to which the coil has been subjected. We consequently
estimate that the accuracy of our pressure ncanurements {s .1-.2

per cent, with g precision, during the course of a given experiment,
of about one order of magnitude better. This is more than sufficient
for our purposes.

In order to measure the volume of the system under pressure, a
meang of measuring the position of the piston is neceded. We use a
system in which the piston position is read fion a vernier placed
gome distance from the high pressure apparatus. i e. on the other
side of the safety wall, and which is actuated by a long plece of
picture wire, one leading to the piston, and a weight hanging on the
other end. The vernier may be read to the nearest .001", which is
good enough.

Temperatures are measured by thermometers, if below 100°C while
for higher temperatures a Chromel-Alumel Thermocouple proves to be more
convenient and accuxate. Its voltage is measured with a Leeds and “
Northrup K2 Potentiometer. The couple is calibrated by comparison

against known melting points in some specially constructed cells,
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We are not at all bappy with this calibration procedure, for some
irregulavrities have shown up, and we ave currently reexamining this,
Any changes 1o the dats below would be extremely minor, and probably
besiow experimsental error. We estimate the temperature sccuracy to

be absut .1°C.

For convenience the KZ potentiometer, the mangsnin wire bridge,
ti:e vernier, snd the hand pump which drives oil into the intensifier
&r~ ver’ close to onc another, so one person can comfortably operate
she entire system. The coarse and fine voltage controis for the
hester are near at hand also.

The welting of the sexple under investigation is detected by a
mxer of means. ‘The ususl method ig to detect discontinuities on the
?-V urve at congtant T, though during the heuting process, oue may
detect [t by the disconunity in the P-T curve at essentially constan’

J The usual course, at leagst st the start of » nev substance, ran
siiavihing as follows: f€irst the egsmple fg put into the apparatus, and
the prosgure ratsed o 50,000 - 100,000 psi to geat all of the seals.
Then the hesting process was ctarted, and the pressurc watched as @
function of time. Usually we did not resch the desired operaiing temp-
aieccre before melting set In. This was announced by a promounced

rise In the rate of change of pressure with time. Then the heating wes
zgually stopped, and the temperature allowed to settle to & constant
vaélue. Then, 1if not all of the semple had melted, the pressure was
recorded, and Lf it had &ll melted, the pressure was raised ensugh

te scarrt the freezing process, snd another intervdl sllowed for eguili-
priwn te be miteined, befcre the pressure was recorded. It must be

. :i{}=~,
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emphasized thet the values of the melting point are equilibrium values,
and represent readings taken vhen neither the pressure nor temperature
were changing.

Another method wes to heat the system to the desired temperature,
and then start increasing the pressure from some cmall value, and plotting
the piston position against pressure, with maybe a five minute wait
between the successiv: presgsure incresses. Preezing is announced by the
sudden change ir the curve. Witk this method, there is always & tendency
to subcool, but cthis hasn't been too bothersome {n the present work,

This gubcooling is noc present if the pressure is relessed cn the golid,

until melting sets in.

DATA

The first two wetals run with thic apparatus were tin and selenium,

7in wes chosen becausz 1t hag been done beforcg’lo'll.

so we knew what
3 expece. end cou - e it as @ check on our -’z Seleniitm wis chosen
becgsoe Lt hasn’t buec.. doue before.

#dn. The tin usid was a Fisher Certificd Reagent shot, and was of
about 59.97 per cent purity, Incidently, the ciperimental error in work
uf this type 18 large cnough to mask the presence cf & few hundredths of
3 per cent of Izpurity, and there 1is not much peint in getting material
~f extreme purity. The uain effect of & small soount of irpuricy is
to round the cornerus of the disconunity, in the P-V curve, and to slow
the reant‘or somewh2t., The rounding is barely perceptable in this work.

The mezguren~ntt were made in several set-ups, all with the game

sazple. The tin uas contained in a ctainless steel cup, and the pressure

Best Ayai!ab!e Copy
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transaitted by kerosene. Ths therwal expsnsion of kerosene is not well
know in this region of pressure and temperature, 30 no serious attewpts
were made to measure the change of volume on melting, since Butuzov's
work indicates that any variation of this would be small.

The dats pointe as taken must be corrected, for the manganin wire
holder heats somewhat due to the hot air riging from the furnace. Con-~
sequently it is necessary to apply & small correction to the readings
as taken for the change of resistance of the manganin wire gage due to
heating. This correction is experimentally determined, and is only about

1.5 bars per degree.

The data points, fully corrected, are shown in figure 5. The departure

from iinearity in this range is small, but quits detectable, The data
points have been fitted to a Simon type of equation, by a least squares
method. This has been prograsmed for the local 1AM 650 computer, and has
been applied to a large number of substances. This will be dealt with in

a forthcoming technical report. The results of the fit are:
3840
P/36,380 bars = (1/505.05)" = -1  Tin %

This compares rather well with the cork of Butuzov, where the
exponent is 3.924, snd the other psrameter 40,334 bars, but not sc well
with that of Dudley and Hally, whose data give 4.146 and 35,675 bars. The
reasons for disagreement with Hall are not too clear. His pressure trans-
mitting medium is a solid, and there are non hydrostatic forces at play
wvhich can -hi.t; the transition somevhat, and also there could be a small
non-linearity in his pressure scale. The whole matter will be discussed

in a later report.
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ine standard deviation of these points is 190 bare, which seems
q2ice nipzh, but, translated inte a temperature erxor, this szounts te
~ ., et .5"C. This figure is a bit high, but may be sasily explained
-y the twet that tin wes the first metal investigated in this lab, and, s
fta melting curve was known before we started, not ss much {mportance
wss attached to these messurements &s was to those on selenium. The
standard deviation of Butuzov's messurements is about 124 bars.

Selenjum. This was from Sargent and Co. snd of unstated purity. 1ts
3062 purity was shown by the high melting point at atmospheric prussure,
end by the sharpness of melting. l'

Seleniun displays s complex polymorphism, there being several known
forme. We were primarily interested in the hexagonal form, which 1is
the mp>st wmetallic of the forms, and the most stable. The selenium was
oelted {nto the stainless steel cup, and cooled quickly. Most of the
selenfum thus prepared was in the amorphous state. It was put into the
gystem, the pressure sud tempers..:.re refsed to the vicinity of the
selting curve st around 4000 bars. Both during the pressure and tenp-
ersture {acresses, there were evidences of the transition to the hex-
agonal state. The saople wes left in ths vicinity of the melting curve
for two days, during which time no further change was observed, so the
selenium wes completely in the metsllic state before melting took piuco
The same type of bommr was noted by lri.dw.u

The melting temperature of Selenfum rises quite rapidly for a
netalll: substance, rising some 180°C in 10,000 bars, as mey be seen
in figure 6. Here the curvature vith pressure is quite spparent. The
messuresents went smoothly, in & single run. The melting point at

atmospheric pressure was determined on the sample, after the completion

Best Avalicsia Copy
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of the high pressure rvm. There {s cpe other point which wvas spproxi-
mately taken, but {s not shewn. Tafs was ac « bigher temperature (412°C).
leak in the system prevented sn accurate determinaticn of the pressure,
but we could determine chat the point was {2 good agreement with those
taken at lower pressures, ard that no new form had been found. It was
oot Geemed worthwhile to set up the apparatus agsin for ome point.

At the higher temperstures there is some tendency for kercsene to
crack, eo the points were taken very rapidly, with no time befng taken
to atcempt to determine the change of volume oo melting. At the lower
pressures these wer: ictecsined, and showved a vcry clight rounding of
the corners, {ndicating some impurities, but not enough to affect the data.

These date have slso beei fitted to a Simon type equation. which is:
1.939 o
P/11,872 bars = (T/495.5) -1 Tin K

there are no previcus. results for compsrisca.
. c
The stundscd devistion of thesc noints ¢35 5 bers, or cbeut .1«

vhich {8 .poul sur . of errcr of temperats . -asuTeneut..

SUMMARY

In this repori we Lsve given s considerable body of detail concerning
our spparatus. This wes done in the hope that 1t might be useful to
socmecne new in the field of high presaure work, snd could save thea
some ot the time that e bave had to invest in detzils. Unfortunately
pressure techniques of the Zype presented here remain transmitted toc

mwh on & vord of wouch proposition, and there 13 a considerable body of

kncwiedge of techalques, any cae of which is not worth publishing, but

Dest Avalleio® Copy
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collectively are quite importsut. We Lope we have helped alleviate this
situation,

The melting studies on two metals are described, as being typical
of the experience encountered, and equationsa given which ensble anyone
to calculate the melting pressure of these substances at any tenperature

to pregsures of 10,000 bars.
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Due to & regretably lack ef reprints, of the article mentisned in
the bedy ef the feregoing technical roperi, meuny copies are lacking in
this respect, as this one {s. The article is given in Rev. Sci. Iastr. 31,
219 (1960), a drawing of the sesls is given in the next figurs, and des-
cribed belew,

The seal shewn in the fellowing drawing csusists ef four parts: the
top ring is &n extractor vring, and plays ne part in the actual operatien
of the seal. The next ring is sn O ring, which prevides an initial seal
against pressure of vacuum. The following ring is teflen, or uylen; for
a back up ring. The last ring ip» the ring which becemes effective at high
pressures. It is initially square i{n cross section, as shown, but as tha
pressure is raisod thiz last ring starts te flow plastically against the
shoulder, giving the usual type of unsuprorted ares seal.

In our experience, to 10,000 bare, brass is satisfactory te 200°C.
If the 0 ring forms an initial seal, this ssal doas 1=t lesk &s the

pressure ia ralsed.




